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ABSTRACT

Need for eco-friendly and economical treatment of distillery spent wash has been inspiring researchers
to investigate decontamination potential using natural materials. In this study, activated carbon was
prepared from wood apple (Limonia acidicima) shells by thermo-chemical treatment with sulfuric acid
at 200°C for 2 h in the absence of air. From the batch experiments with aged spent wash samples, maxi-
mum adsorption capacity (46.6 mg/g) was observed at a pH of 5.5, owing to the initial high uptake rate
of polar compounds from spent wash. Based on the results from batch kinetic studies, two-site series
and parallel interface models were found to be appropriate for representing the multi-phase transitions
in the mass transfer rate. Comparison between different linear forms of Langmuir and Redlich-Peterson
(R-P) isotherms revealed that prediction of adsorption capacity term is considerably affected by the axial
setting in the logarithmic form. In order to overcome the difficulty of linear regression fit, chi-square test
was identified as the suitable alternative to make comparison of all isotherms on the same abscissa and
ordinate. Results of the present study showed that R-P isotherm and two-site interface kinetic models
were invariably best suited for explaining the equilibrium and kinetic sorption of spent wash.
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1. Introduction

Despite advent of stringent regulations and safety
guidelines, discharge of industrial wastewater into natu-
ral water bodies is being practiced as a preferred method
of disposal, virtually since the beginning of human civi-
lization [1,2]. There are many literatures confirming del-
eterious environmental impact of waste-loading upon
the receiving system either in terms of threat to aquat-
ics, spreading of many contagious diseases and aquifer
contamination [3,4]. Alcohol distilleries have been listed
at the top in the ‘Red category’ of industries by Ministry
of Environment and Forest (MoEF), Government of India
owing to their highly polluting impact on the environ-
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ment [5]. Nonetheless, distillery industry has surfaced
as an important sector worldwide due to the large-scale
applications of ethanol and distilled spirits in pharma-
ceuticals and food products [6].There are more than 319
distilleries currently operating in India, producing about
3.25 x 10°L of alcohol while generating 40.4 x 10"°L of
wastewater annually [7,8].

As an unavoidable outcome of the alcohol brewing
process, a brownish green, viscous, low-pH liquid called
spent wash is generated as waste [9]. Spent wash typically
contains high concentrations of organic matter in terms of
chemical oxygen demand (COD) (60,000-1,00,000 mg/L),
biochemical oxygen demand (BOD) (35,000-60,000 mg /L),
inorganic matter as total solids (35,000-47,000 mg/L) and
sulphate (980-5100 mg/L) with an extremely acidic pH
(3.0-4.5) [5,6]. Spent wash also contains the major plant
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nutrients like total phosphorous (400-600 mg/L), total
potassium (10,000-13,000 mg/L), total calcium (2,100-
3,000 mg/L), total magnesium (2,000-3,300 mg/L), total
sulphur (4,000-5,000 mg/L) and heavy metals such as iron,
manganese, zinc [10]. It is well understood that presence
of dark brown pigment (melanoidin) generated through
the reaction between sugar and amino compounds
(known as Maillard reaction) imparts colour to the water
[10]. However, due to its recalcitrant nature, conventional
wastewater treatment methods fail to achieve simultane-
ous decolourization and decontamination [7,8,10]. Use of
indigenous and commercially prepared adsorbents has
been reported as promising alternatives, and therefore,
more focus is ascribed towards improvising their perfor-
mance efficiency [11,12].

Eco-friendly as well as economical treatment of dis-
tillery spent wash in the developing countries has been
attempted by many researchers. Bio-methanation fol-
lowed by aerobic treatment is the general practice for
treatment of distillery wastewater [13]. It was reported
that aerobic treatment reduced COD and BOD up to
50-70% [14]. Microbial treatment using specially accli-
matized microbial consortium has also been reported fre-
quently in the recent years [15,16]. In recent years, several
basidiomycetes and ascomycetes type fungi have been
used in decolourisation of natural and synthetic melanoi-
dins from distilleries [17].

Pre-treatment of spent wash with ceramic membranes
prior to anaerobic digestion is reported to reduce the COD
loading from 36,000 to 18,000 mg/L [18]. Wet air oxida-
tion has been recommended as part of a combined process
scheme for treating anaerobically digested spent wash [19].
Kumaresan et al. employed emulsion liquid membrane
technique in a batch process for spent wash treatment [20].
Nataraj et al. reported pilot trials on distillery spent wash
using a hybrid nano-filtration (NF) and RO process [21].
Chemical oxidation of effluent with chlorine resulted in
49% colour removal but the result was only temporary [22].
Beltran et al. reported that advanced oxidation of the efflu-
ent in combination with UV radiation enhanced spent wash
degradation in terms of COD reduction; however ozone
with hydrogen peroxide showed marginal reduction even
for diluted effluent [23]. Photocatalytic oxidation has also
been employed using solar radiation and TiO, as the pho-
tocatalyst [24].

Among the various tertiary treatment technologies, pol-
lution abatement through adsorption studies has gained
interest over the last few decades [25]. Adsorption onto
activated carbon (AC) is the most effective and widely
used technique in treating high strength wastewater due
to its large surface area, high adsorption capacity and high
degree of surface reactivity, resulting in fast mass transfer
kinetics thereby simplifying the reactor design as compared
to the other materials [26].

The preparation of activated carbon from natural mate-
rials has led to many scientific advances particularly in the
development of surface activation and characterization
methods. Several coals [27]; polymers [28], agricultural
by-products and forest wastes [29,30] have been success-
fully employed as raw materials to prepare activated car-
bon. Uses of H,PO,, KOH and ZnCl, as activating agents
for various nutshell species were also being studied. Hu

and Vansant [31] reported wide range of pore size distri-
bution of activated carbon from walnut shell char using
KOH in the absence of air at 500-900°C. Preparation of acti-
vated carbon from cork waste using KOH at 800°C for 2 h
yielded surface area of 1415 m?/g [32]. Guo and Lua [33]
produced activated carbon from peanut hull and oil palm
stones using H,PO,, KOH and ZnCl, and activated at 500°C
and 650°C respectively. Heidariet al. [34] prepared highly
micro-porous activated carbon from Eucalyptus camaldulen-
sis wood by chemical activation with H,PO, and ZnCl, at
different impregnation ratios as well as by pyrolysis, fol-
lowed by activation with KOH.

Many researchers have attempted to assess pollutant
removal efficiency of distillery spent wash using various
agro-industrial materials such as activated charcoal [35],
wood charcoal [36], fly ash and wood ash [37,38]. It is widely
accepted that activated carbon can be used as a potential
adsorbent for treating distillery wastewater. Although many
agricultural waste materials have been identified for synthe-
sizing activated carbon, usage of dried shells of wood apple
(Limonia acidicima shell-LAS) has not been studied yet for
treating distillery wastewater. The wood apple fruit is largely
consumed by people of South-East Asia due to its dietary
and medicinal importance; however, it is observed that the
hard outer shell is generally discarded. In the absence of
proper waste management system, open disposal of large
amounts of shells directly in the soil may leave the residue
in the environment for long duration due to their recalcitrant
nature. This may lead to elution of various toxic compounds
generated from polar functional groups such as alcoholic,
carboxylic, and ethercompounds [39].

The choice of activation for preparing adsorbent
largely depends on the physical-chemical nature as well
as the strength of target contaminants. Many times, sim-
ple pre-treatment steps will make the substance ready for
use as biosorbent, while a combination of physical-chem-
ical and thermal treatments are required for optimizing
the surface characteristics of activated carbon. Biopoly-
mers extracted from sewage sludge have been successfully
used as biosorbents for the removal of heavy metals such
as Pb* and Zn?* [4,40]. The removal rate of Pb?*" increased
with the corresponding increase in the system pH [41]. The
biopolymers with different proportions of proteins, poly-
saccharides and nucleic acids showed different adsorption
capacities for Cu®* [42]. Wood apple shell has been used
both as biosorbent and as activated carbon for the removal
of heavy metals [39,43-45]. Even though it is studied for the
removal of methylene blue dye [46], there is no literature
evidence of using LAS for decontamination and decolor-
ization of distillery spent wash. In order to test this hypoth-
esis, the present work is being carried out with objective to
explore the viability of using thermo-chemically activated
carbon derived from wood apple (LAS-AC) as a possible
candidate for the reduction of COD from aged distillery
spent wash.

2. Materials and methods
2.1. Preparation of LAS-AC

Among various methods to prepare activated carbon,
activation with H,SO, resulted in less moisture, moderate
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conductivity and large surface area (229.67 m?/g) of adsor-
bent having high adsorption capacity at pH of 5.7 [47]. The
wood apple fruit shells were collected from local yards in
and around Coimbatore, Tamil Nadu. The collected shells
were washed, dried and rendered free from pulp and the
outer rind was grinded to small pieces (1-3 cm size). These
were soaked in 98% H,SO, for 24 h and further, thermally
activated at 200°C for 2h in a muffle furnace. After cooling
to room temperature, the activated carbon was washed
thoroughly with distilled water till the pH of the wash
water turned out to be between 5 and 7. A good reason for
maintaining a low pH is to minimize the impact of shock
loading on the surface sites when subjected to strong acidic
spent wash solutions [47]. This process of neutralizing the
pH was accelerated by spiking few droplets of 0.1 N NaOH
followed by rinsing the materials. Finally it was dried at
105°C for 4 h to make it ready for batch experiments.

2.2. Stock spent wash

The raw spent wash was collected from the distillery
that was stored in a closed reinforced concrete tank for
about a month. The physic-chemical characteristics were
determined after it was diluted to about 1 ml in 1000 ml
of water. It was highly turbid, heavily colored and odorous
with a pH of about 4.5 and COD value of 120,000 mg/L.
Solutions of desired concentration were prepared by dilut-
ing the stock solution.

2.3. Sorption batch experiments

Batch experiments were carried out to determine the
optimum dosage and conditions for effective COD reduc-
tion. Equilibrium and kinetic studies were also carried out
to determine the extent and mechanism of adsorption. For
this, LAS-AC was added at a dosage of 10 mg to 800 mg into
the conical flasks containing 20 ml of diluted spent wash
solution and the flasks were placed in a thermostatic orbital
shaker at 150 rpm to achieve equilibrium. After reaching
equilibrium, the samples were taken out,filtered and ana-
lyzed for COD and pH. Based on the trial experiments, opti-
mum conditions were obtained as follows: pH 5.5, dosage
50 mg, and time 60 min. After adjusting for pH, 50 mg of
LAS-AC in 20 mL of spent wash solution having concentra-
tions in the range of 25 to 180 mg/L were taken in the closed
containers for isotherm studies. All the experiments were
carried out at 25°C.

3. Results and discussion
3.1. Estimation of surface adsorption rate on LAS-AC

The rate at which the surface area of the sorbent is uti-
lized for contaminant removal depends on the availability
of potentially active sites [28]. It is essential to determine the
surface interaction potential for the range of organic mate-
rials present in the spent wash and the predominant mass
exchange mechanism within the given reaction time. Like
any other sorbent, LAS-AC also showed significant depen-
dence on solution pH while estimating the adsorption rate
as well as adsorption capacity.

Since spent wash is highly acidic in nature with a pH
3.5 to 5 consisting of high concentrations of organic carbon,
cationic nutrients, heavy metals, fermentation by-prod-
ucts and many organic acids, presence of active functional
groups may facilitate polar interactions during initial phase
of adsorption [48]. According to Malarvizhi and N. Sulo-
chana (2008), the FTIR spectrum of LAS-AC constitutes of
different bands of aliphatic C-H, C=0 and N-H groups with
frequency values of 2924, 1704 and 1614 cm™ respectively.
There were also evidences for the presence of phenolic OH
and -SO,H groups at around 1383 and 620 cm™ respectively
[46]. As per Sartape et al. (2013), FTIR spectrum revealed
the presence of -OH, C-H, C=0, C=C and C-C functional
groups between 1041-3406 cm™ range. The adsorption
capacity was observed to be maximal (46.6 mg/g) at a pH
of 5.5, owing to the high uptake rate of pollutants by the
anionic functional groups in LAS-AC [12].

Based on the results from the batch kinetic studies, a
number of commonly used kinetic models were developed
to evaluate the adsorption rate.

The first order (FO) kinetic equation can be written as;

log(q,) =logq, -kt (1)

where k, is the kinetic rate constant (min™) and g, and g,
(mg/g) are the amounts adsorbed at equilibrium and at
time ¢ (min) respectively.

Similarly, the second order (SO) kinetic equation can be
written as;

1.1 + 2kt ()
qe qO

where k, is the kinetic rate constant (min™).

First order (FO) and second order (SO) models were
believed to predict specific rate of agro-based activated
carbons with the assumption that reactions are reversible
and uniform surface area and specific adsorption capacity
are not the limiting factors. However, as evident from liter-
ature, pseudo first order and pseudo second order models
are quite successful for LAS-AC sorption studies [44—47].

Linear form of Lagergren’s pseudo first order (PFO)
model is given by;

kit
2.303 ©)

log(q. - q) =logq, +
where k; is the PFO rate constant of adsorption (min™) and
q is the amount adsorbed at time ¢ (min).

Similarly, linear form of pseudo-second order (PSO)
model can be written as;

' [l} oL @

9 \4.) ka.

where k, is the PSO rate constant of adsorption (g/mg-min).
It is observed that FO and PFO models resulted in neg-

ative slopes giving minimum values of sorption rate con-

stants whereas SO and PSO models predicted similar rate

constants but with positive slope (Figs. 1a-d and Table 1). As

literature review revealed, PSO is considered as the best fit
model representing the evidence of chemi-sorption [39,49].
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Fig. 1. Adsorption plots for different kinetic models ((a) FO - First order, (b) PFO - Pseudo first order, (c) SO - Second order, (d) PSO

- Pseudo second order).

Table 1
Details of sorption kinetic models and derived parameters

Kinetic Slope Intercept R? Sorption Sorption
model capacity rate term
term (mg/g) (min™)
FO -0.033 -0.087 0979  46.400 0.033
SO 0.001  0.024 0966 41.667 0.001
PFO -0.009 1.509 0972 32.285 0.021
PSO 0.017  0.494 0984 58.824 0.001
IPD 3.873 8732 0986 0.766 3.873
Elovich 15300 —22.860 0973 65.359 3.434
TSSI -0.012 -2.308 0992  90.954 0.109
TSPI -0.013 -3.361 0991 96.530 0.125

*Initial adsorption factor

Considering the mass transfer rate based on reaction kinet-
ics, both FO and PFO resulted in higher rate (0.033 and 0.021
min™) compared to SO and PSO (0.001 min™) (Figs. 1la-b).
It is observed that FO and PFO models resulted in negative
slopes (-0.033 and -0.009) and lesser values for sorption
capacity terms (46.4 and 32.3), whereas SO and PSO models
predicted similar rate constants but with gentler positive
slopes (0.001 and 0.017) and higher sorption capacity terms
(41.7 and 58.8 respectively) (Figs. 1c—d and Table 1). As the

initial phase of adsorption is essentially limited by film and
pore diffusion processes, understanding the nature of bulk
mass transfer is important to determine the mass transfer
limitation in reaching equilibrium.

3.2. Mass transfer limitations

Based on the major consecutive mass transport steps
associated with the adsorption, sorption into interior sites
very rapid; hence, film and pore transports are consid-
ered as the major steps controlling the rate of adsorption.
In order to understand the effect of intra-particle diffu-
sion over pH-mediated chemical reactions and to identify
rate-limiting step, intra-particle diffusion (IPD) model and
Elovich model were compared (Figs. 2a-b).

IPD model is given by:

qg=kt*>+0 (5)

where k, is the rate constant of the intra-particle transport
and 6 is the constant denoting the extent of initial adsorp-
tion. As the IPD curve does not pass through the origin,
diffusion can be considered as the rate-limiting step [35]. It
was observed that adsorption rates were highly over-pre-
dicted by these models owing to the large slope values. The
intercept in IPD is generally accepted as a measure of the
boundary layer thickness, which indicates the occurrence of
large initial adsorption [50]. As evident from Figs. 2a and b,
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Fig. 2. Comparison of adsorption kinetics by (a) Intra-particle diffusion (IPD) model and (b) Elovich model.

the relation is not necessarily linear and there exists zones of
varying mass transfer rate. Based on the intermediate range
of initial adsorption factor (0.766), it can be observed that
there may be slight intermediate rate of adsorption during
the initial phase.

In a similar way, Elovich’s model can be expressed as;

q:(%gjln(t)+(%e)ln(uebg) ©)

where g, is the initial adsorption rate (mg/g-min), and the
parameter b is related to the extent of surface coverage and
activation energy for chemi-sorption (g/mg). The sorption
capacity term predicted by these kinetic models was com-
parable in general, while the highest values observed for
Elovich and PSO models (Table 1).

3.3. Multi-site kinetic mass transfer models

Apart from the variation in the initial rate of adsorp-
tion, mechanism and pathway of adsorption can also vary
during the later stage. It is observed from Figs. 2a and b
that Elovich model also could adequately represent the
chemi-sorption as with PSO model. However, it is observed
from these figures, that there is some transition in the
behaviour during the kinetic experiments which is not a
single-step process and could not be simulated by any of
these kinetic models. In order to identify the impact of the
initial diffusion and subsequent chemi-sorption, two differ-
ent multi-site sorption models were compared in this study
based on the assumption that only a fraction of the surface
sites will be available for instantaneous sorption while the
remaining fraction is time-dependent [51]. Based on the ori-
entation and attachment of the sorbate on the sorbent sur-
face, two-site series interaction (TSSI model) and two-site
parallel interaction (TSPI model) were considered [49,51].

The linear form of TSSI and TSPI can be expressed as

ln(C*R—l)z—(K%)zwln(%—l) (7)
In(c _%)z_(%)t—ln(1—ﬁ) 8)
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Fig. 3. Comparison of sorption kinetics using Two-Site series
interface (TSSI) and Two-Site parallel interface (TSPI) models.

where C'=C /C,; retardation factor, R = 1 + MK/V; M is the
mass of sorbent (g); K is the sorption rate constant for TSSI
model (h™); V is the volume of the solution (mL); o is the
sorption rate constant (h™) for TSPI model and B is a model
parameter corresponding to equilibrium fraction [49].

It was noted that both TSSI and TSPI models resulted in
high mass transfer rate (0.109 and 0.125 min™ respectively) as
well as in high sorption capacity values (90.9 and 96.5 respec-
tively) within the experimental conditions. It was observed
that these models could give highest fit (R* value > 0.99,
based on linear regression analysis) and resulted in largest
sorptive capacity terms (Fig. 3 and Table 1). This postulates
the need for studying the dynamic and reversible nature of
sorption resulting in change in the mass transfer mechanism
and thereby estimating the efficient mass transfer rate.

3.4. Suitability of non-linear multi-parameter isotherms

A comparison has been made here with different linear
forms of the popular isotherms from literature. The general
nature of all isotherms follows type-II curve indicating the
presence of narrow micro-pores of AC- LAS. This is in con-
firmation with the observation by similar studies [48,52].

The Langmuir isotherm assumes that there is a uniform
and constant binding of the sorbate in the adsorbent surface.
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The linear form of Langmuir isotherm can be expressed in
two forms as below:

&:ic +L
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where g is the equilibrium amount of solute adsorbed, C,
is the equilibrium concentration of contaminants in spent
wash expressed as COD (mg/L) and g, and b are con-
stants which represent the maximum solid phase loading
and the energy constant related to the heat of adsorption,
respectively.

The BET isotherm can be expressed as;

KCyq,

(C.- Ce)[l +(K - 1)(C%sﬂ

where C_is the saturation concentration and K'is the adsorp-
tion energy constant.

By comparing the two linear forms of Langmuir iso-
therms (From-I and Form-II), relation between 1/4q, and
1/C, yielded high sorption capacity (250 mg/g) as well
as high coefficient of regression (R*= 0.994)than the plot
between C,/q, and C,. There is notable difference in the fit-
ting parameters as well as predicted adsorption capacity
between the two linear forms of Langmuir isotherm (Figs.

(Form-I) )

(Form-1I) (10)

1= (11)

Langmuir Form |

(a)

02

0.15 + y=1.160x + 0.004

2_

o i R2=0.994
T 01+
-

0.05

D T T 1
0 0.05 0.1 0.15
1/Ce
(c)
R-PForm |
2 -
\In[Ce]

— 0 B B N B p—
i
T ) 1 2 4 5
o
T o9
% y=-3.042x + 7.859
2 R?=0.993
£ - -

5 -

K. Padmanabhana et al. / Desalination and Water Treatment 82 (2017) 369-378

4a, 4b). However, Form-1 was invariable found to match
with the experimental results, which is also in agreement
with literature [53].

The three-parameter adsorption isotherm suggested
by Redlich and Peterson (known as R-P isotherm) is well
acclaimed for its rational fit for a wide range of equilibrium
sorption capacities and concentrations [35,46,53]. In order
to understand the characteristics of linear forms of this iso-
therm model, both logarithmic and exponential forms were
analyzed for goodness of fit. The linear forms of R-P iso-
therm can be expressed as;

ln[qu C_ 1] =nIn(C,)+In(b) (Form-I) (12)
9e

C 1 1

—<=|—|C'+— (Form-II 13

9. [qm] b, ( ) 9

It is observed that logarithmic form of R-P isotherm
(Form-I) resulted in better fit than the powered form
(Form-II) (Figs. 4c, 4d). The coefficients involved in these
forms were obtained by trial and error method. The value
of g, by R-P Form-I (318.6 mg/g) is in general agreement
with maximum adsorption capacity predicted by Langmuir
Form-I (Table 2). It was also observed that by fitting R-P
Form-II, the power term n was closely matching with the
power term of Freundlich isotherm (Table 2). The value of
power term (n) indicates the high rate of chemi-sorption
experienced at equilibrium conditions [50].
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Fig. 4. Comparison between different linear forms of Langmuir ((a) Form-I, (b) Form-II) and Redlich-Peterson (R-P) ((c) Form-I, (d)

Form-II) isotherms.
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Table 2
Comparison of various isotherms and derived parameters

Isotherm Slope Intercept R? e Sorption capacity Power
term (mg/g) term
Linear 0.765 -0.249 0.988 0.257
Freundlich 0.953 0.039 0.994 2.401 0.914* 1.007
Langmuir Form I 1.160 0.004 0.994 0.673 250.000 -
Langmuir Form II -0.013 1.783 0.986 14.476 156.923 -
R-P Form I -3.042 7.859 0.993 0.214 318.664 1.042
R-P Form IT -0.009 1.770 0.990 0.172 211.111 1.120
BET 0.001 0.057 0.727 NC 172.414 1.018*
*Corresponds to Freundlich constant.
BET Isotherm 60 -
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Fig. 5. Adsorption plot for identifying best fit form of BET isotherm.

Although R-P Form-I and Langmuir Form-I are unique
in their asymptotic nature of isotherm for the selected range
of COD concentrations, BET isotherm was exceptionally
deviated with the selected data range (Table 2). However,
it was observed that a powered form of the trend-line for
the data resulted in very good fit (R*= 0.990) (Fig. 5). The
value of the power-term is found to be 0.89. The reciprocal
of the power-term in the fitting equation is observed to be
well matching with the power term (1) in Freundlich model
(Table 2). This further substantiate the argument that later
phase of adsorption may be controlled by availability of
active surface sites.

Within the selected ranges for spent wash concentra-
tion and LAS-AC dosage, it is clear that the nature of pre-
dominant adsorption mechanism at initial phase and later
phase cannot be the same. The relatively higher values of
equilibrium concentrations indicate delayed affinity of sor-
bent unto its surface owing to the limited surface potential
for expanding the process at higher rate. It was observed
that non-linear isotherms were unanimously predicting
the initial range of parameters; however, the later phase of
adsorption was better predicted by logarithmic forms of
multi-parametric isotherms (Figs. 6 and 7).

A comparison of adsorption properties of wood apple for
various sorbates was made in terms of isotherm and kinetic
model parameters reported in literature (Table 3). The most
common sorbates reported for wood apple include dyeing

Fig. 6. Comparison of fitting of different isotherm models with
experimental data.
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Fig. 7. Comparison of maximum error deviation between exper-
imental and modeled values of g,.

pigments and heavy metals. Within the optimum pH in the
medium acidic range, optimum dosage was obtained as 500
mg. The maximum adsorption capacity terms from Lang-
muir and R-P isotherms were identified based on the linear
regression fit as expressed by coefficient of determination
(R?). Apart from the general fit with the PSO model, TSSI/
TSPI models were showing highest coefficient of determi-
nation, thereby explaining the mechanisms of multi-phase
dynamic nature of adsorption.
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3.5. Use of chi-square test for comparison

Generally, most of the model fits are tested by coefficient
of correlation and coefficient of determination [53]. Even
though Langmuir and R-P isotherms could predict the trend
of adsorption, there is notable difference in results while
using different linear forms of these models. These linear
equations had different axial settings individually so as to
alter the result of linear regression fit. However, this diffi-
culty can be overcome by using Chi-square (x?) test which
makes comparison of all isotherms on the same abscissa and
ordinate [53]. It was observed that Langmuir and R-P iso-
therms resulted in low values of y* (less than 1), indicating
a non-dimensional fit for the isotherm data within the range
of experimental conditions (Table 2). Hence it is understood
that use of non-linear y>-test can be a better method of check-
ing the goodness of fit for adsorption isotherms.

4. Conclusions

Producing activated carbon from inexpensive raw
material has gained massive attention. The main objective
of this study was to evaluate the efficiency of activated
carbon derived from wood apple in decontaminating aged
distillery spent wash. Present study postulates the need
for studying the dynamic and reversible nature of sorption
resulting in change in the mass transfer mechanism and
thereby estimating the efficient mass transfer rate. The key
observations from the present study are as follows:

e Activated carbon with improved textural characteris-
tics was obtained from wood apple shell.

¢ The batch experiments revealed that the adsorption
capacity was observed to be maximal (46.6 mg/g) at a
pH of 5.5, owing to the high initial uptake rate of polar-
compounds from spent wash.

® Detailed analysis of experimental values of spent wash
concentration and LAS-AC dosage revealed the nature
of predominant adsorption mechanism at initial phase
and later phase. The relative higher values of equilibri-
um concentrations indicate the delayed affinity of sor-
bent unto its surface owing to the limited surface poten-
tial for expanding the process at higher rate.

e It was observed that non-linear isotherms were unani-
mously predicting the initial range of parameters; how-
ever, the later phase of adsorption was better predicted
by logarithmic forms of multi-parametric isotherms.

e By comparing different linear forms of isotherms, the
variation in estimated sorption capacity could overcome
by using Chi-square (x?) test which makes comparison
of all isotherms on the same abscissa and ordinate.

¢ The study revealed that LAS-AC is a promising adsor-
bent for COD removal from distillery spent wash,
thereby indicating the value addition of disposed shells
for its reuse.
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